The generality of earlier work with a Chlorophyte was verified in four other Chlorophytes and three diatoms. Neutral lipid droplet accumulation was dependent on medium pH at stationary phase.It was not entirely dependent on medium N and responded positively to bicarbonate addition (25-50mM) to the medium close to stationary phase. Bicarbonate inhibited cell replication in Chlorophytes but not in diatoms, indicating different Inorganic carbon acquisition systems. Effects of N and P limitation were cumulative. Transcriptomic analyses of Phaeodactylum tricornutum cultures when lipid accumulation was maximal showed that genes related to P or N acquisition were up-regulated, as were genes related to carbon uptake (possible C-4 pathway). Expression of genes involved directly in lipid accumulation were unchanged, suggesting that control of lipid accumulation is not at the level of acetyl CoA carboxylase, but earlier in the pathway. Real time PCR supported these conclusions. Changes in expression of genes related to control of the cell cycle (Cyclins) were observed which may explain a general mechanism for lipid accumulation in microalgae The extent to which progress has been made is documented below: Task 1. Screen suitable green algae and diatoms cultures to find the extent to which previous results can be found to be general for microalgae.
Before this project, detailed information on the effects of environmental parameters and how they interact was generally available for one organism only. This was from our previous work with a Chlorophyte, Chlorella Chor-1. (b). Unless the pH of the medium was allowed to rise as result of photosynthesis, no TAG was accumulated. The critical pH value needed to be achieved is of the order of pH 10.5.
(c). Addition of 5mM NaHCO 3 near the stationary phase of growth stalled the cell cycle and caused an immediate cessation of cellular growth and an increase in TAG accumulation.
Seven cultures of microalgae (four Chlorophytes and three diatoms) were tested. There were some changes in how the experiments were performed. In the former works experiments 24 hr illumination (75 micromoles/m 2/ sec) was used and 100mL cultures were shaken. In the work reported here cells were grow in 1.25L bioreactors (Fig 1) illuminated (400 µmole.m -2. s -1 photon flux) with a 14 hr light/ 10hr dark schedule. Further, this design allowed aeration with various gas mixtures. All seven responded similarly to Chlorella, i.e., if the medium pH was allowed to increase, the Nile Red signal was considerably enhanced and obtained its maximal value much more quickly.
Figure 1 -Aeration, temperature, and light-controlled 1.25 L vertical airlift photobioreactors which were designed specifically for this project to increase biomass production and greater freedom of sampling. Cells shown growing here are Phaeodactylum tricornutum. It is obvious that inorganic carbon acquisition differs between diatoms and green algae as diatoms continued to grow for at least 1-2 generations, whereas green microalgae stopped growing as soon as bicarbonate was added. Bicarbonate is therefore not merely a source of inorganic carbon, but has other actions and these differ between greens and diatoms. It is our conclusion that our results obtained previously with Chlorella are probably general for microalgae, although diatoms and green algae differ in their response to added bicarbonate. Phaeodactylum tricornutum 1055/1, also referred to here as Pt1, was acquired from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton (CCMP 2561) (West Boothbay Harbor, Maine). This organisms was chosen for transcriptomic and other genetic investigations because its full genome has been sequenced. The diatom grows on ASP2-a marine artificial medium and maintains the fusiform morphology when the medium Ca ++ is maintained at 5mM which is 2x its usual concentration. In addition, based on the screening done in Task 1, WC-1 was determined to be a promising fuel production strain. Growth/TAG accumulation optimization experiments were performed using these algae. The main objective of this work was to enhance TAG accumulation per cell while at the same time maintaining or increasing biomass production.
Variables chosen for study included the use of ambient air alone or 5% CO 2 in air and the addition of sodium bicarbonate to the medium. This addition was made before or after nitrate in the growth medium was depleted. CO 2 enriched air caused the pH to be reduced below the optimal level in Phaeodactylum and TAG accumulation was lessened. Scenedesmus WC-1 behaved similarly, but as has been mentioned earlier, cell replication was stalled on addition of bicarbonate to the medium. The lowering of pH when 5% CO 2 was used can be explained by its non-use during dark periods and in the light when N was depleted. The timing of bicarbonate addition proved to be critical. If added after nitrate in the medium was exhausted, no increase in TAG accumulation over controls was observed. These results are provided in detail in Table 2 . (c). Phaeodactylum showed that the fluorescence/cell was 100 x higher if bicarbonate was added before total depletion of nitrate.
To elucidate P. tricornutum gene expression profiles during nutrient-deprivation and lipidaccumulation it was essential to understand the effects of various levels of nutrient limitation.
Cultures were grown with a nitrate to phosphate ratio of 20:1 (N:P) and whole-genome transcripts were monitored over time via RNA-sequence determination. The specific Nile Red (NR) fluorescence (NR fluorescence per cell) increased over time; however, the increase in NR fluorescence was initiated before external nitrate was completely exhausted. Exogenous phosphate was depleted before nitrate, and these results indicated that the depletion of exogenous phosphate might be an early trigger for lipid accumulation that is magnified upon nitrate depletion. 3-caused cells to reverse lipid accumulation. In addition, lipid accumulation was reversed when both nutrients were added back to the medium. The results showed a shift from lipid accumulation to its catabolism in all three conditions (NO 3 -, PO 4 3-or both). Cell numbers slightly increased signifying a metabolic shift from storage or lipid accumulation to growth and energy consumption. This result shows that lipid accumulation is reversible as cells maintained a dynamic state to shift away from accumulation and back to growth. During exponential nutrient replete growth we observed a large consumption of DIC to the point that DIC became limiting but not deplete. As fatty acid synthesis consumes bicarbonate , increased DIC levels were tested and correlated with increased lipid accumulation. When the CO 2 concentrations were increased from ambient air to 1% CO 2 in air the DIC remained at an elevated level (>90mg/L DIC for 1% CO 2 compared to 16mg/L DIC of ambient air at equilibrium) so that limitation was not observed. Elevated levels of CO 2 during growth in a nutrient deplete state did not affect growth or increase lipid accumulation. Thus, increased DIC throughout growth does not correlate to increased lipid content nor does it need to be limited to initiate lipid accumulation. Lipid accumulation analysis was carried out using the Nile red fluorescence assay. Confirmation of the Nile Red results was done by the analysis of fatty acid methyl esters (FAMEs) using gas chromatography/mass spectrometry. Profiles of FAMEs remained similar but significant abundance differences were seen which depended on the replete or deplete condition of the cells, confirming the Nile red assay results. This work supports the hypothesis that TAG accumulation occurs only when the cell cycle is stalled by the lack of essential nutrients (or subject to other stresses, such as the pH of the medium).
The work described so far has involved has not involved a Chlorophyte that may be used industrially to provide precursors for the production of bio-jet fuel. Thus Chlamydomonas reinhardtii was selected for the same type of studies already performed. The ability to make modifications to its genome makes Chlamydomonas a strong contender for industrial exploitation. Thus a comprehensive investigation into inorganic carbon source (high and low CO 2 along with high bicarbonate) during TAG and starch accumulation was done on with this organism. C. reinhardtii utilizes ammonium as its N-source so that this provides further insight into mechanisms whereby nutrient levels control TAG accumulation.
C. reinhardtii grew rapidly with 5% CO 2 in air until ammonium in the medium was depleted. During this time there was a characteristic decrease in pH, which is usual when microalgal are grown on ammonium and at a high CO 2 level. During ammonium depletion, C. reinhardtii accumulated TAG and starch as carbon storage compounds when either 5% CO 2 aeration or bicarbonate was used as an inorganic carbon source. After ammonium depletion, the 5% CO 2 aerated cultures accumulated starch quickly which then fell in concentration. It is possible that the starch was then reallocated to TAG. The highest TAG accumulation was observed when cultures were aerated with 5% CO 2 in air. Fatty acid methyl ester analyses using in situ methylation indicated that the TAG began to degrade into free fatty acids and diacylglycerol within a few days. While the 50 mM bicarbonate amended cultures accumulated starch and TAG at a slightly slower rate, starch reallocation and stable carbon storage was observed. The cultures grown using air alone exhibited carbon limitation and slow metabolic growth with minimal TAG or starch accumulation.
The highest biofuel potential in Chlamydomonas cultures was observed when high CO 2 in air was used as the carbon substrate. However, these conditions were not as stable, in comparison with bicarbonate as the inorganic carbon source, as evidenced by the fast accumulation followed by somewhat rapid degradation of both TAG and starch. Additionally the bicarbonate amended cultures exhibited more carbon storage, due to the high starch remaining at the end of the experiments. This suggests industrial use of algae to produce biofuel could benefit from using bicarbonate during nutrient deplete conditions to boost output, especially if the industrial strain does not have the capabilities to produce starch, such as C. reinhardtii starchless mutants.
Task 3. Transcriptomic Analysis of Lipid Accumulation in Phaeodactylum tricornutum
The full genome of Phaeodactylum tricornutum has been sequenced (<30 Mb), and approximately 20 to 30% triacylglyceride (TAG) accumulation on a dry cell basis has been reported under different growth conditions. This organism was therefore ideal for the analyses proposed. To elucidate P. tricornutum gene expression profiles during nutrient-deprivation and lipid-accumulation, cell cultures were grown with a nitrate to phosphate ratio of 20:1 (N:P) and whole-genome transcripts were monitored over time using RNA-sequence determination. TAG accumulation was initiated before external nitrate was completely exhausted. Exogenous phosphate was depleted before nitrate, and these results indicated that the depletion of exogenous phosphate might be an early trigger for lipid accumulation that is magnified upon nitrate depletion. As expected, many of the genes associated with nitrate and phosphate utilization were up-expressed. The diatom-specific cyclins cyc7 and cyc10 were down-expressed during the nutrient-deplete state, and cyclin B1 was up-expressed during lipid-accumulation after growth cessation. While many of the genes associated with the C3 pathway for photosynthetic carbon reduction were not significantly altered, genes involved in a putative C4 pathway for photosynthetic carbon assimilation were up-expressed as the cells depleted nitrate, phosphate, and exogenous dissolved inorganic carbon (DIC) levels. P. tricornutum has multiple, putative carbonic anhydrases, but only two were significantly up-expressed (2-fold and 4-fold) at the last time point when exogenous DIC levels had increased after the cessation of growth. Alternative pathways that could utilize HCO 3 -were also suggested by the gene expression profiles (e.g., propionyl-CoA, methylmalonyl-CoA, putative decarboxylase). Overall, the results indicate that P. tricornutum continued carbon dioxide reduction when population growth was arrested and different carbon-concentrating mechanisms were used dependent upon exogenous DIC levels. Based upon overall low gene expression levels for fatty acid synthesis, the results also suggest that the build-up of precursors to the acetyl-CoA carboxylases may play a more significant flux toward TAG synthesis rather than the enzyme levels of acetyl-CoA carboxylases per se. These results suggest that carbon is being "pushed" into fatty acid synthesis via elevated acetyl-CoA and NADPH levels and thus not being "pulled" by a large abundance of fatty acid synthesis activity. With respect to lipid accumulation, we hypothesize that the "hinge" is the committed step in fatty acid biosynthesis (i.e., acetyl-CoA carboxylase), but that a "push" condition accounts for a significant portion of the metabolic flux based upon gene expression. The insights into the types and timing of cellular responses to inorganic carbon presented will help maximize photoautotrophic carbon flow to lipid accumulation.
Task 4. Develop metabolic flux networks to optimize TAG accumulation in Phaeodactylum tricornutum.
Molecular-level data on more than 50 central metabolism transcripts were measured using Real Time PCR. Analysis of transcripts suggested that the central metabolism pathways associated with bicarbonate transport, carbonic anhydrases, and C-4 carbon fixation were important for lipid accumulation. Transcriptomic data also suggested that repurposing of phospholipids may play a role in lipid accumulation. This study provides a detailed physiological and molecular-level foundation for improved understanding of diatom nutrient cycling and contributes to a metabolic blueprint for understanding and controlling lipid accumulation in diatoms. An in silico metabolic model of the diatom P. tricornutum was built from genome data, transcriptomic data and literature reviews. The metabolic model accounts for 680 genes from the nuclear and chloroplastic genomes integrated into 319 enzyme catalyzed reactions, many reactions account for multiple gene products (see Appendix for listing of reactions). The enzymes and metabolites are all partitioned into 5 subcellular compartments (cytosol, mitochondrion, peroxisome, plastid, extracellular space) to explore the role of compartmentalization on metabolic function. The model enzymes were correlated with a previously published RNA-seq analysis of this diatom to include all enzymes which had significant changes in transcript (see Task 3). Cellular biomass synthesis was considered using a literature review of diatom macromolecular content as well as vitamin and trace mineral content. The computational model has been solved for all possible pseudo-steady state solutions using both convex basis analysis using CellNetAnalyzer and elementary flux modes using efmtool. 145,761 convex basis vectors were identified while approximately one billion elementary flux modes were enumerated. Mathematically the elementary flux modes can be defined using combinations of convex basis vectors so the analysis has focused initially on the more manageable convex basis vectors; however, a comparison of the two data sets will provide an informed basis for the necessity of calculating both aspects of metabolic networks. The ongoing analysis has explicitly defined the relationship between the numerous genome encoded C-3 and C-4 carboxylases enzymes and the efficiency of synthesizing biomass during growth and the synthesis of triacylglycerides under non growth conditions. The analysis focused on combinations of the enzymatic investment requirements such as enzyme nitrogen content to realize a metabolic pathway and the resulting efficiency of the pathway to produce either biomass or TAG. Questions regarding the nutrient investment required for constructing an organelle and how that cost relates to pathway competitiveness remain subjects of going research.
Executive Summary (a). Research Summary and some conclusions
This report reflects the highlights of published work, manuscripts submitted and projects started under AFOSR auspices, but continued with other support. It was shown that all microalgae studied behave similarly with respect to the conditions necessary to achieve significant triacylglyceride accumulation -the major precursor for bio-jet fuel production. These conditions 8 can be summarized as follows: the culture must reach a pH level where most of the inorganic carbon in the medium is available as bicarbonate and the cell cycle must be stalled. Stalling the cell cycle is most easily achieved by limiting the concentration of one or more essential nutrients, such as N or P. This information can be used industrially as algae can be grown in nitrogen (as NO 3 -or NH 4 + )and/or phosphorus ( as PO 4 3-)replete media until a high biomass is available when sodium bicarbonate ( not sodium carbonate or sodium chloride) can be added as a TAG trigger. All the algae studied responded to bicarbonate in this manner. Nevertheless, it is recommended that industrial algae growers perform studies of the type reported here with organism they intend to use. Although the organisms studied here behaved in a very similar fashion to one another, their physiological responses to manipulation of the growth conditions were not identical. Differences between Chlorophytes and diatoms, especially in their responses to added bicarbonate were obvious. Carbon concentrating mechanism (CCM) of microalgae are well known but the information available is limited to concentrating of bicarbonate similar to that in sea water, i.e.,15-25 fold less that was used in this study. It is highly likely that the influence of added bicarbonate at environmental levels (2mM) will not be the same as that added at 30-50mM. The CCM in green microalgae involves carbonic anhydrase whereas that in diatoms does not. Diatoms can transport and utilize bicarbonate by converting it to malate ( a C-4 acid) as an intermediate. It is proposed that the 15-25 fold increase in the bicarbonate ion inhibits the enyzyme(s) necessary for its utilization in green algae as a source of inorganic carbon for growth, leaving fatty acids as the only sink. Diatoms, as has been shown here, can use a C-4 pathway involving pyruvate carboxylase to form malate and the malic enzyme to regenerate CO 2 at the chloroplast. These ideas have been the basis of three invited lectures. 
(b). Persons involved in the work reported here

(a).Analytical standard methods for algal products
A collaborative project has been initiated between Montana State University, the National Renewable Energy Lab (Lieve Laurens), and the University of Washington (Rose Ann Cattolico) It is aimed at evaluating/refining biofuel analysis methods. Chlorella sp/ biomass supplied to MSU and UW from NREL was then analyzed at all three institutions to evaluate institutional variability and method variability. Results are shown in Table 2 . Method MSU/ Griffith provided the most consistent information. (b).NMR study of the utilization 13 C-sodium bicarbonate as a triacylglyceride accumulation trigger in Chlorella sp. Gardner, R., Cooksey, KE (both MSU), and Gregory Helms and William Hiscox, both from Washington State University. This project is focused on using high resolution -magic angle spinning (HR-MAS) and static NMR to monitor the accumulation of biofuel precursors in a Chlorella sp.. Further, H 13 CO 3 -uptake is being investigated using NMR to determine the amount of bicarbonate incorporated into TAG during bicarbonate additions. Preliminary results show a strong correlation between NMR and the sum of free fatty acids, mono-, di-, and triacylglycerols determined by gas chromatography. Most instances where lipid accumulation occurs is monitored during the light cycle. However, lipid yield is the sum of what is accumulated minus what is consumed. Therefore, understanding metabolic control points during light and dark periods may provide improved insight into carbon flow due to large differences in reducing equivalents (active vs. non-active photosystems). In order to investigate these control points we will take a systems biology approach utilizing transcriptomics, proteomics, and metabolomics. Expression data is very valuable when approaching metabolism from a whole cell standpoint, but complementing it with proteomics can resolve physiological tendencies with greater discretion. Proteomics takes snapshots of the phenotype of an organism, i.e. what exactly is being expressed and functionally dictating cellular physiology. If proteomics is the phenotypic expression of gene functionality, the metabolites are the sum of the substrates and products dictated by the physiological phenotype. To compliment both gene transcripts and expression, the analyses will be completed with metabolomics. Metabolomics offers a look into the possible metabolic fluxes associated with the physiological state of the cell. Metabolite identification and quantification has been initiated and optimization of the extractions and identification parameters are underway. The comprehensive systems biology approach will provide valuable insights into metabolic fluxes driving lipid accumulation during diel cycle growth of Phaeodactylum tricornutum.
(d).
Ecophysiology and biochemistry of algae , Gardner, R.,Cooksey K. Beardall, J. A collaborative project has been initiated between Montana State University and John Beardall's laboratory at Monash University in Australia. Prof. John Beardall's laboratory focuses primarily on algal Carbon Concentrating Mechanisms(CCM). The objective of this study was to determine whether CCMs are induced after bicarbonate addition and to elucidate involvement of these CCMs during TAG accumulation. Metabolic inhibitors were used in concert with Nile Red fluorescence of treated cells with and without bicarbonate addition. TAG accumulation was monitored while enzymes involved in lipid metabolism were inhibited specifically. Both Chlamydomonas reinhardtii and Phaeodactylum tricornutum strain 642 were tested. The metabolic inhibitors used were acetazolamide (AZ) and ethoxyzolamide (EZ), both at 50 µM, to inhibit carbonic anhydrase enzyme function. AZ is specific to extracellular carbonic anhydrases while EZ inhibits both extra-and intracellular carbonic anhydrases. Thus, differentation can be made concerning the influence these carbonic anhydrases have on TAG accumulation. Vanadate (VAN), as sodium orthovanadate (150 -180 µM) inhibits HCO 3 -/ATPase transport enzymes. Conversely, 4,4'-di-isothiocyanostil-bene-2,2'-disulphonic acid (DIDS) ( 200 µM) inhibits HCO 3 -anion exchange enzymes. Salicylhydroxamic acid (SHAM) (3 mM), inhibits active CO 2 uptake. The experimental concentrations of inhibitors were taken from the literature. Nile Red specific fluorescence of C. reinhardtii was measured after medium nitrate depletion had taken place. The control cultures (no bicarbonate added) accumulated less than half of the TAG per 10,000 cells when bicarbonate was added. Forty three hours after N depletion the inhibitors AZ, EZ, VAN, and SHAM showed less TAG content than cultures to which only bicarbonate had been added. However after 68 hr post N depleteion, AZ, EZ and VAN showed no significant differences from the bicarbonate control. Cultures to which the DIDS (bicarbonate ion exchange inhibitor) was added, accumulated more TAG than controls. Further analyses are being conducted to determine the implication of these results, but so far they show
